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ABSTRACT

Tropical dry forests are the most threatened forest type in the world yet a paucity of research about them stymies development of appro-
priate conservation actions. The Paran~a River Basin has the most significant dry forest formations in the Cerrado biome of central Brazil
and is threatened by intense land conversion to pastures and agriculture. We examined changes in Paran~a River Basin deforestation rates
and fragmentation across three time intervals that covered 31 yr using Landsat imagery. Our results indicated a 66.3 percent decrease in
forest extent between 1977 and 2008, with an annual rate of forest cover change of 3.5 percent. Landscape metrics further indicated
severe forest loss and fragmentation, resulting in an increase in the number of fragments and reduction in patch sizes. Forest fragments in
flatlands have virtually disappeared and the only significant forest remnants are mostly found over limestone outcrops in the eastern part
of the basin. If current patterns persist, we project that these forests will likely disappear within 25 yr. These patterns may be reversed with
creation of protected areas and involvement of local people to preserve small fragments that can be managed for restoration.

Abstract in Portuguese is available in the online version of this article.
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TROPICAL DRY FORESTS ARE BROADLY DEFINED AS A VEGETATION

TYPE DOMINATED BY DECIDUOUS TREES WITH MARKED SEASONALITY

IN PRECIPITATION (Murphy & Lugo 1986, S�anchez-Azofeifa et al.
2005a, Miles et al. 2006, Pennington et al. 2006). They are distrib-
uted worldwide and frequently associated with savannas (Furley
et al. 1992, Pennington et al. 2000) although determining their ori-
ginal extent remains challenging (Murphy & Lugo 1986, S�anchez-
Azofeifa et al. 2005a, Pennington et al. 2006). Recent estimates
indicate that almost 1.6 million km2 of dry forests exist in the
Americas (Portillo-Quintero & S�anchez-Azofeifa 2010).

The Cerrado biome is characterized by a heterogeneous
landscape including grasslands, shrublands, gallery forests and
dry forests (Silva et al. 2006). It is one of the biodiversity hot-
spots (Myers et al. 2000) and holds the greatest plant diversity of
any savannah in the world (Brandon et al. 2005). The Cerrado
biome is severely threatened, with deforestation rates higher than
the Amazon rain forest (Klink & Machado 2005). Estimates indi-
cate between 39 and 55 percent of the Cerrado has already been
modified (Machado et al. 2004, Sano et al. 2010), whereas only
2.2 percent is legally protected (Klink & Machado 2005). Dry
forests are distributed in large patches along the biome, in pla-
teaus of altitudes between 200 and 1800 m and undergo marked
seasonality in precipitation (650–3000 mm) and temperature (16–
27°C; Scariot & Sevilha 2005).

Tropical dry forests are among the most threatened and
overlooked forest formation in the world (Janzen 1988, Hoekstra
et al. 2005, S�anchez-Azofeifa et al. 2005a, Miles et al. 2006). Land

conversion to pasture and agriculture are major threats, reflecting
a long history of human occupation attracted by fertile soils, flat
landscapes, timber extraction and good climatic conditions for
agriculture (Maass 1995, Fajardo et al. 2005, S�anchez-Azofeifa
et al. 2005a,b, Miles et al. 2006). In Brazil, only 3.9 percent of
273,678 km2 of dry forests are currently protected (Espírito-
Santo et al. 2008). The largest enclave of this ecosystem in the
Cerrado biome is found within the Paran~a River Basin, a region
that comprises several endemic species (Silva 1997, Silva & Bates
2002) and is considered of high biological importance (MMA
(Minist�erio do Meio Ambiente) 2002, 2007). Government incen-
tives to promote regional development in the 1970s triggered a
rapid increase in human occupation, establishing an economic
cycle of timber harvest followed by forest conversion to pastures
(Espírito-Santo et al. 2009). Charcoal production and limestone
mining have also contributed to deforestation as the basin is con-
sidered one of the last frontiers in the state of Goi�as (Scariot &
Sevilha 2005).

A lack of reliable estimates of forest extent and land conver-
sion rates for the tropical dry forests of the Cerrado hinders the
establishment of adequate conservation strategies in this region.
Therefore, our goal was to describe deforestation trends of dry
forests in the Paran~a River Basin. We used different fragmenta-
tion metrics to track changes in forest cover and to understand
current spatial configuration of forest remnants.

METHODS

STUDY AREA.—The Paran~a River Basin (Fig. S1) is a large depres-
sion (59,403 km2) located between two plateaus in central Brazil,
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representing a transition between the Amazon tropical humid for-
ests and the savannas of the Cerrado and Caatinga biomes in the
states of Goi�as and Tocantins (Scariot & Sevilha 2005, Carvalho
Junior et al. 2006). Climate is typical of a tropical savanna
(K€oppen Aw) characterized by distinct dry (April–September)
and rainy (October–March) seasons, with average precipitation of
1200–1300 mm and average annual temperatures ranging from
16 to 21°C (Scariot & Sevilha 2005). Within the basin, a region
of fertile Karst soils supports one of the most significant forma-
tions of tropical dry forests in Brazil, also known as calcareous
forests (Oliveira-Filho & Ratter 2002). Topographic patterns in
the region are marked by the predominance of flat areas in the
western portion and a north-southbound line of limestone out-
crops in the east.

SATELLITE IMAGERY PROCESSING AND CLASSIFICATION.—To estimate
deforestation trends in the Paran~a River Basin, we used high res-
olution satellite imagery from the sensors Landsat 2 Multispectral
Scanner (MSS) and Landsat 5 Thematic Mapper (TM), available
from the Brazilian Space Agency Instituto Nacional de Pesquisas
Espaciais—INPE (http://www.dgi.inpe.br/CDSR/). We selected
images acquired near the end of the rainy season (February–
April), when deciduous forests still have a dense green canopy
that form a noticeable contrast with the cerrado (savannah-like)
vegetation in the surroundings. Cloud cover is usually sparse or
absent during this time of year. We used 15 scenes spanning
31 yr and divided them into three intervals using years 1977,
1993/1994 and 2008 (Table S1). Cloud-free images covering our
study region were unavailable for our preferred dates, thus a
composite of scenes from 1993 and 1994 was necessary for anal-
ysis of the second interval. All imagery was pre-processed in ER-
DAS IMAGINE 8.7 (Leica Geosystems GIS and Mapping, LLC,
U.S.A.), following the standard operating methods described in
Kennedy et al. (2007) that include imagery selection and referenc-
ing, geometric correction with cubic convolution to output cell
size of 25 m in the polynomial model and projection to datum
WGS 84. Next, we performed unsupervised classification of each
image using 30 classes, 40 iterations and a convergence threshold
of 0.99. Last, we performed analysis with visual interpretation
between each original and corresponding classified image to a
post-classification scheme, producing binary ‘forest’ and ‘non-for-
est’ maps for each time interval. Binary classification systems are
simple and can help reduce potential errors due to imagery qual-
ity (Gergel 2007). Additionally, a binary system is likely to per-
form best for accurate change detection in highly contrasting
forest and open (natural or human originated) landscapes as
found in our study area.

GROUND CONTROL POINTS AND MAP VALIDATION.—We carried out
an extensive search for dry forest fragments in the region, collect-
ing ground control points at least one km apart to validate the
resulting maps. We recorded information about land cover type
(dry forest, riparian forest, savanna, pasture, and agriculture) from
269 sites visited in 2008 using a GPSMAP 76S GPS (Garmin
Intl. Inc., U.S.A.). Overall classification accuracy and Kappa sta-

tistics (a measure of agreement based on the difference between
classified and reference data; Congalton & Green 2009) were
then estimated only for 2008, after selecting 211 sites following a
binomial distribution sampling scheme aimed at a minimum over-
all accuracy of 85 percent (Foody 2002) with a 95% confidence
level (Czaplewski 2003, Congalton & Green 2009).

GEOGRAPHIC BOUNDARIES AND DEFORESTATION ANALYSIS.—We built
one map using ArcGIS v.9.2 (ESRI Inc., U.S.A.) for each time
interval by combining the corresponding five classified images
and aggregating pixels to conduct analyses at a 1-ha minimum
mapping unit using the basin’s boundaries as the extent. Addi-
tionally, we created a mask polygon corresponding to the
distribution limits of the dry forest within the basin to be used as
the boundary for the deforestation analysis. This polygon was
delimited by hand after visual interpretation of the original imag-
ery and closely matched the limits of dry forests in the region
proposed by Carvalho Junior et al. (2006) based on precipitation
parameters and data derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) sensor.

Landscape metrics were calculated to compute spatiotempo-
ral changes in the forest cover using Fragstats 3.3 (McGarigal
et al. 2002) at the patch and class level and by applying the
neighborhood rule of eight cells. Selection of metrics describing
patterns of habitat loss and fragmentation followed recommenda-
tions of Neel et al. (2004) and Gergel (2007): (1) total area;
(2) percentage of landscape (PLAND); (3) number of patches; (4)
patch area (mean and SD); (5) largest patch index (LPI); and (6)
clumpiness index (CLUMPY). Detailed information about these
metrics and formulas are found in McGarigal et al. (2002) but
briefly, total area and percentage of landscape are simple indices
related to the extent of the target class, thus any change in land
cover between two intervals are depicted by these metrics. Num-
ber of patches is a measure of the extent of fragmentation of the
patch type, therefore an increase in number of patches is likely
due to increased fragmention levels. Patch area is among the
most important metrics of the landscape as it is not only related
to extent but also provides useful information about fragmenta-
tion and habitat loss. Largest patch index is a measure of domi-
nance that indicates the percentage of total landscape comprised
by the largest patch. Clumpiness index is a measure of class
aggregation that ranges from �1 when the target class is maxi-
mally disaggregated to +1 otherwise, and usually is a robust
fragmentation metric, given its independence to variations in class
area (Neel et al. 2004, Gergel 2007). Finally, we calculated
estimates of annual forest cover change (FCC) using an adapted
formula of Puyravaud (2003) to express results in percentage, as
follows: FCC(%) = (1/t2�t1) 9 ln(A2/A1) 9 100; where
(t2�t1) is the period analyzed, and A1 and A2 the forest cover at
time t1 and t2, respectively.

RESULTS

CLASSIFICATION ACCURACY.—Overall accuracy of the 2008 image
classification was estimated at 89.6 percent with 189 points
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correctly classified and Kappa statistic of 0.78. It was not possible
to assess accuracy for time 1 (1977) and time 2 (1993/94), given
the absence of corresponding ground control points. We assume,
however, that these intervals would have sufficient accuracy to
support our results. This assumption is based on our long-term
knowledge of the area, imagery quality, and use of same criteria
for image classification, even considering the set of Landsat MSS
imagery to be of lower resolution than Landsat TM.

FOREST LOSS AND FRAGMENTATION.—Over 31 yr, there was a 66.3
percent reduction in forest cover within the polygon of dry for-
ests in the Paran~a River Basin (Fig. S2A–C). The annual forest
cover change (FCC) was estimated at 3.5 percent. Reduction in
forest cover was estimated at 35.7 percent between 1977–1993/
94 and at 47.6 percent between 1993/94–2008. The estimated
annual forest cover change during the first and second time peri-

ods was 2.6 percent and 4.6 percent decrease, respectively. Visual
interpretation of the results further suggested an asymmetrical
trend in deforestation, showing more aggregations of forest rem-
nants towards the eastern limits of the basin over the years (Fig.
S2A–C). In the Paran~a Valley, deforestation rates were slightly
higher than in the dry forest polygon, with reduction of forest
cover estimated at 38.3 percent between 1977–1993/94 and 54.4
percent between 1993/94–2008. Overall loss in forest cover for
the valley was estimated at 71.9 percent and annual forest cover
change estimates suggested a 2.8 percent and 5.6 percent
decrease, for intervals 1 and 2, respectively.

Landscape metrics also indicated similar results of extensive
forest loss and increased forest fragmentation in the dry forest
polygon (Table 1). Total forest cover area decreased from
12,919 to 8311 km2 and then to 4352 km2, respectively,
between the first and second intervals. The percentage of the
study landscape comprised of dry forest also decreased within
the basin from a 21.7 to seven percent over the 31 yr period
(Table 1). Patch number increased from 4746 to 9691 (104%)
between the first and last time intervals, while mean patch size
decreased from 2.72 to 0.44 km2 (84%) in the same period.
Likewise, the largest patch index experienced a sharp reduction
of more than 97 percent over the years while clumpiness
decreased only 4.1 percent. The distribution of fragments per
size indicated an increase in all categories across time, but only
fragments larger than 10 km2 indicated considerable reduction
(94.8%) in mean size ranging from 762.49 to 38.96 km2

(Table 2). Further, large fragments (>10 km2) decreased in for-
est extent from approximately 94 percent in 1977 to 51 percent
in 2008. Intermediate (2.6–10 km2) and small (� 2.5 km2) size
fragments increased drastically, from six to 49 percent when
grouped (Fig. 1).

FIGURE 1. Percentage of dry forest in fragments of different sizes (black

>10 km2, light gray = 2.6–10 km2; dark gray = � 2.5 km2) in the Paran~a

River Basin of Brazil.

TABLE 1. Landscape metrics of forest class for deforestation analyses of the dry forest polygon in the Paran~a River Basin, central Brazil.

Year

Total Forest

PLANDa N Patches

Patch Area (km2)

LPI CLUMPYArea (km2) Mean SD

1977 12919 21.7 4746 2.72 172.10 59.0 0.8072

1993/94 8311 14 8074 1.03 45.62 20.1 0.7897

2008 4352 7.3 9691 0.44 4.99 1.7 0.7738

aRelative to the Paran~a River Basin (area = 59,344 km2).

TABLE 2. Number of patches per category of size (in km2) with respective mean patch size and standard deviation (SD) in three intervals over 31 years in the dry-forest polygon in the

Paran~a River Basin, Brazil.

Size Class

1977 1993/94 2008

N Patches Mean Patch Size (SD) N Patches Mean Patch Size (SD) N Patches Mean Patch Size (SD)

� 2.5 4686 0.10 (0.24) 7914 0.14 (0.30) 9474 0.14 (0.29)

2.6–10 44 6.05 (0.72) 111 6.26 (0.77) 160 6.04 (0.64)

>10 16 762.49 (2959) 49 136.10 (575.61) 57 38.96 (52.05)

Total 4746 8074 9691
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DISCUSSION

This study brings a unique perspective about the deforestation of
tropical dry forests in the Cerrado biome of Brazil over a large
temporal (31 yr) and spatial (over 59,000 km2) scales. Our most
recent estimate (year 2008) showed that the Paran~a River Basin
comprises 4352 km2 of this threatened ecosystem. Because of
the fine scale used in our study, we consider that our results are
likely the best approximation to the actual extent of dry forest
within this region.

ACCURACY ASSESSMENT AND SOURCES OF ERROR.—Our classification
accuracy was above the minimum acceptable levels of 85 percent
for overall accuracy and 70 percent for individual classes (Foody
2002). Potential sources of error and limitations commonly incor-
porated during imagery processing and classification (Langford
et al. 2006), however, need to be addressed. A binary classifica-
tion system (‘forest’ and ‘non-forest’) was used to reduce misclas-
sification error that may occur when several forest classes are
used. This approach is a simplification of the actual landscape
used in other similar studies (Gasparri & Grau 2009, Songer et al.
2009, Whitehurst et al. 2009, Portillo-Quintero & S�anchez-Azof-
eifa 2010) and helped to improve our classification accuracy, as
forest cover contrasts strongly from other land cover types. We
consider errors due to the use of scenes from subsequent years
(1993 and 1994; Table S1) for the second interval composite to
be negligible, particularly when accounting for an annual forest
cover change of 3.5 percent over a period of 31 yr. Finally, the
lower resolution of Landsat MSS imagery contrasting with Land-
sat TM was minimized by selecting only superior quality cloud-
free MSS scenes available at the INPE’s database and also by
applying a binary classification scheme.

DEFORESTATION ANALYSIS.—Global estimates of deforestation indi-
cate that nearly 48.5 percent of the tropical dry forests have been
lost to other land cover types (Hoekstra et al. 2005) while in the
Americas estimates of dry forest loss range between 60 to 72
percent (Portillo-Quintero & S�anchez-Azofeifa 2010). The forest
cover change rate found in this study (3.5 percent annually) was
comparable to deforestation rates reported from other dry for-
ests: 1.4 percent in Mexico (Trejo & Dirzo 2000); 2.1 percent in
Costa Rica (Steininger et al. 2001); 1.1 to 2.6 percent in Venezu-
ela (Fajardo et al. 2005); 0.83 percent (Gasparri & Grau 2009) to
5 percent (Boletta et al. 2006) in Argentina; and 1.8 percent in
Myanmar (Songer et al. 2009). In a sample area of nearly 180 ha,
located in flatlands of the Paran~a River Basin, Andahur (2001)
found an annual forest cover decrease of 6.6 percent between
1990 and 1999. Nevertheless, caution is warranted when compar-
ing deforestation rates as, except for our study and Boletta et al.
(2006), all other studies have used different formulae than the
FCC adapted from Puyravaud (2003).

Our results demonstrated that high levels of forest fragmen-
tation had greatly impacted the region based on substantial
decreases of total forest area, percentage of forest landscape,
mean forest patch area and largest forest patch index. Similarly,

the increase in the number of patches indicated considerable
fragmentation (Table 1). The clumpiness index was the only
metric to show a small reduction between first and last intervals
(4.1%), but still suggests that fragmentation has occurred.
Because clumpiness is a measure of aggregation, we believe it has
mostly captured fragmentation in forest areas clustered with lime-
stone outcrops in the eastern part of the study area. These out-
crops form a linear north-southbound chain of exposed rocks
and cave systems that is still reasonably aggregated (Table 1).

Forest fragmentation observed in our study area was consis-
tent with studies from other regions with tropical dry forests.
Portillo-Quintero and S�anchez-Azofeifa (2010) found that within
the Cerrado biome, more than 60 percent of dry forest fragments
are larger than 10 km2. They argued that this pattern was also
found in other studies (Fajardo et al. 2005, Pennington et al.
2006) and is more related to soil fertility and moisture gradients
rather than human activities. We found a similar result (51 per-
cent of fragments larger than 10 km2) in the Paran~a River Basin
but this pattern seems to be a consequence of human actions.
This discrepancy is likely due to differences in spatial scales
between the two studies, as we have used a minimum mapping
unit of one hectare versus 100 hectares in their study. Yet, this
finding is relevant because it shows the importance of regional
scale assessments of land cover change for detecting distinct pat-
terns of forest distribution and fragmentation that may be useful
for landscape and conservation planning.

Our analysis indicates a drastic reduction in size of large for-
est fragments and the increase of forest fragments of intermedi-
ate to small sizes (Table 2). In a fragmented landscape, larger
fragments are usually better suited to sustain more species and
maintain ecosystem functions less affected by fragmentation
(Laurance et al. 2002). As the tropical dry forests of the Cerrado
represent a relatively uniform ecological unit amid a heterogeneous
landscape, protecting a mosaic of large fragments is more likely to
prevent further loss of biodiversity and ecosystem functions.

Based on the proportion of forest removed during the 31 yr
period (66.3%) and the remaining extent of forest (4352 km2)
estimated in this study, we predict that tropical dry forests in the
Paran~a River Basin may no longer exist within 20–25 yr if cur-
rent trends persist. Present land use practices tend to replace for-
est cover with pastures for livestock, particularly along the Paran~a
Valley (Scariot & Sevilha 2005, Espírito-Santo et al. 2009).
Between 2002 and 2007, annual deforestation rate in the valley
was estimated at 2.3 percent while livestock population has grown
7.4 percent annually in the same period (SEPIN (Superin-
tendência de Estatística, Pesquisa e Informac�~ao) 2011). Further-
more, governmental regulations prohibiting deforestation of
sensitive areas (e.g., riparian zones) have not been followed by
many landowners (Sampaio 2006). Forest conversion in the basin
seems to be limited only by the topographical barrier represented
by the limestone outcrops (Fig. S3) as we noticed that most for-
est fragments were found surrounding large blocks of exposed
rock. This rugged landscape gradually increases towards the east-
ern limits of the basin and likely explains the eastward aggrega-
tion of forest fragments observed in our analyses (Fig. S2A–C).
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Contrasting with the western region, this portion contains a high
number of subsistence farms (<100 ha) characterized by a mosaic
of pastures amid outcrops and ravines with forest (Scariot
& Sevilha 2005, Espírito-Santo et al. 2009). Although forest
fragments associated with outcrops may represent potential areas
for the conservation of dry forests, some studies have shown that
these forests have different floristic and physiognomic characteris-
tics (Pedralli 1997) with lower species richness when compared to
forests of flat areas (Silva & Scariot 2003, Scariot & Sevilha
2005).

Legal protection of tropical dry forests in Brazil was just
recently implemented (Federal Law 11428/06 and Federal
Decree 6660/08) and several other measures regarding modifica-
tions in land use policies have been discussed (Espírito-Santo
et al. 2009). On a regional scale, the Paran~a River Basin was
classified as high priority area for biodiversity conservation
(MMA [Minist�erio do Meio Ambiente] 2007), but it is unclear
how this designation will be reconciled with economic develop-
ment policies still in place (Andahur & Chaves 2003). Espírito-
Santo et al. (2009) have shown that less than 4300 km2 (7.2%)
of the Cerrado in the Paran~a River Basin are currently pro-
tected. The Terra Ronca State Park is the largest reserve
(570 km2, which 50 percent is represented by dry forests) yet to
be fully implemented. The effectiveness of conservation mea-
sures in other protected areas of less restrictive categories that
allow some use of natural resources and human occupation (e.g.,
IUCN category VI, Espírito-Santo et al. 2009) may be less
assured. While new protection areas have already been proposed
within the basin (F. Olmos, pers. comm.), our results suggest
further investigation of large forest fragments (<10 km2) in the
municipalities of Aurora, Novo Alegre and Combinado in
the state of Tocantins, and Divin�opolis and S~ao Domingos in
the state of Goi�as.
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FIGURE S1. Location of the Paran~a River Basin and the
Paran~a Valley in central Brazil.
FIGURE S2. Forest extent using a binary classification in three

intervals (A–C) over 31 yr for the Paran~a River Basin, Brazil.
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croplands limited by the presence of limestone outcrops in the
Paran~a River Basin of Brazil.
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